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High-quality YBa2Cu3O7 ~YBCO! films were grown on polycrystalline silver substrates by a
metalorganic chemical vapor deposition process in high magnetic fields. Property characterizations
revealed that the YBCO films deposited in high magnetic fields have excellent structural and
superconducting properties. At 77 K, the transport critical current densities of such films were over
10 000 A/cm2 in the field of 1 T (Hic axis!. The improvement of the critical currents in YBCO films
deposited in high magnetic fields is correlated with the better intergrain connections, as observed by

























































ionFuture current carrying applications of high-temperat
superconductors need materials and microstructures that
port high critical current densitiesJc in large external mag-
netic fields. A metalorganic chemical vapor depositi
~MOCVD! technique is considered to be a promising meth
because of its advantages of a high growth rate, confor
coverage, and its ability to coat complex shapes. YBa2Cu3O7
~YBCO! films with high Jc more than 10
6 A/cm2 at 77 K
were easily fabricated on SrTiO3 ~100! single-crystal sub-
strates by this method.1 In particular, the result ofJc56.5
3104 A/cm2 at 77 K in H527 T demonstrated the possibi
ity of the practical use of this material.2 However, theJc
values of the YBCO films directly deposited on metallic su
strates were too low and decreased rapidly in the presenc
a magnetic field,3–5 although films obtained on polycrysta
line silver exhibited highTc ~;90 K!.
6 This difference be-
tween both films seems to come from the difference of t
ture in grains.
On the other hand, another promising way of aligni
grains is to employ a high magnetic field, through whi
strongly textured YBCO bulk,7 tape-casting films on Ag
foil,8 Bi–2212/Ag thick films,9 and Bi–2223/Ag tape10 have
been processed. This is because the magnetic field gr
favors the alignment of thec axis of high Tc
superconductors.11 If the magnetic field is applied during
film fabrication process, the orientation of grains and ot
field effects for film growth are expected. Our study is m
tivated by this idea with the aim of improving the superco
ducting properties of YBCO films grown on metallic su
strates through combining the above two techniques.
addition, for practical YBCO superconductor as a long w
or tape in electric power applications, cheap, robust,
flexible substrates are required. Polycrystalline silver is o
of the most attractive substrates for the MOCVD growth
YBCO films due to its good chemical compatibility wit
YBCO, as well as excellent electrical and thermal cond
tivity.
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Recently, a hot-wall-type MOCVD apparatus combin
with a cryocooled superconducting magnet has been de
oped. Details of the experiment setup and film preparat
have been reported elsewhere.12 In this letter, we present a
systematic study of the structural and the superconduc
properties of YBCO films grown on Ag substrates at vario
magnetic fields.
YBCO films were grown by MOCVD in high magneti
fields. The polycrystalline silver substrates, approximat
103530.2 mm3 in size, were used; they were mechanica
polished prior to deposition. Then, substrates were set in
vertical reactor, which was installed in the room temperat
bore of superconducting magnet and the film deposition
curred in a constant vertical magnetic field (HCVD) of 0, 2, 4,
6, and 8 T. Nonaligned films were fabricated employi
identical conditions in the absence of a magnetic field. T
deposition conditions were the same as previou
published.12 The films were slowly cooled to room temper
ture from the deposition temperature~850 °C! in 1 atm of
oxygen. The transportJc at 77 K and its magnetic field de
pendence were evaluated by a standard four-probe techn
with a criterion of 0.5mV/cm. YBCO films were character
ized by x-ray diffraction~XRD!. The surface morphology o
the films was observed by scanning electron microsc
~SEM!.
For films with and without the magnetic field, the~001!
reflections from YBCO were dominant, suggesting th
stronglyc-axis oriented films have been deposited with th
c axes normal to the substrates. However, the value of
width at half maximum~FWHM! from thev rocking curve
on the ~006! reflection steadily decreased with increasi
magnetic field from 0 to 8 T, as shown in Fig. 1. This res
shows that the degree of texturing is significantly improv
by application of the external field. Most noticeably, even t
FWHM value of our 0 T films is much smaller than th
previously reported for YBCO films on polycrystalline silve
~9.2° for in-field casting tape,8 while 8° for the films grown
by CVD13!. We have already reported the magnetic-field d
pendency of the FWHM value of~006! reflection when
Y-123 bulk samples were fabricated by the seeding proc
in magnetic fields up to 10 T.7,14 The FWHM abruptly de-
creased at fields of only a few Tesla and then gradually
il:
,
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3634 Appl. Phys. Lett., Vol. 77, No. 22, 27 November 2000 Ma et al.creased with further increasing magnetic field. This res
agrees with that of the present study.
Microstructural investigation confirmed the better cry
tallinity of the aligned films. Figure 2 shows the typical m
crographs of the surface of films deposited at a magn
field (HCVD) of 0, 2, 4, and 8 T ,respectively. It is clearly
seen that dramatic differences in the film density and gr
size were observed. In the absence of a magnetic field,
films consisted of rectangular grains with a size of above;8
mm, and large voids and poor intergrain connections w
present. The morphology of the 2 T films was similar to tha
of the 0 T films, but the grain size was reduced to 4mm.
Under a field of above 2 T, the crystallites of films we
more homogeneous and enhanced irregular grains;1–2mm
were well connected to each other. Clearly, the intergr
connectivity and morphology were less influenced by fie
over 4 T, as shown in Fig. 2~d!. Thus, with increasing mag
netic field, the grain size was reduced, but the film den
was enhanced, indicating the significant impact of the m
netic alignment process.
Because of the small resistance of the pure Ag substr
resistance transition is difficult to be measured by a fo
point probe method. Therefore, the magnetic susceptibili
FIG. 1. Dependence of crystallinity of YBCO film on magnetic field. T
value of FWHM is from thev-rocking curve for the~006! refection.
FIG. 2. SEM micrographs of the surface of YBCO films deposited in va
ous magnetic fields:~a! 0 T, ~b! 2 T, ~c! 4 T, and~d! 8 T.













of the films were measured by the vibrating sample mag
tometer method. The experimental data showed that theTc
of the aligned films (Tc588 K! is higher than that of the
nonaligned films (Tc585 K!.
12 This result is typical of those
observed for films with and without the magnetic field. Fu
thermore, the reduction of the transition width for the align
films implies that the grains of films deposited in magne
fields are coupled strongly.
In order to characterize the critical current density pro
erties, transport measurements were carried out. Figu
shows the magnetic-field dependence of the transportJc for
films at 77 K, with the measuring field applied parallel to t
c axis. As expected, theJc increased greatly with increasin
fields HCVD up to 4 T, then further increasing the magne
field hardly affected theJc improvement. This tendency i
qualitatively similar to the decreasing size of the grains
shown in Fig. 2. The best films deposited in high fields e
hibited averageJc values of 5.8310
4 A/cm2 at 0 T. In addi-
tion, it is quite remarkable that the dependence ofJc on the
magnetic fields is one of the outstanding differences betw
the nonaligned films and aligned ones. For nonaligned fil
critical current density at 77 K and zero field was appro
mately 1.53104 A/cm2 and it rapidly dropped at fields below
0.6 T, indicating that these films are much more wea
linked than the aligned ones. On the other hand, for alig
films, Jc values decreased first, then exhibited much less
the field dependence behavior, implying that aligned fil
have strong flux pinning with increasing magnetic field. Sp
cifically, most of aligned films~except for 2 T films! exhib-
ited a high value ofJc.10
4 A/cm at 77 K under a magnetic
field of 1 T, which is much higher than the films direct
deposited on polycrystalline substrates reported so far. T
difference can only be explained by a significant reduction
weak-link effects due to the high degree of order by hi
magnetic fields.
For the films deposited under high magnetic fields, th
is a clear improvement inJc . This is a consequence of th
enhancement in the degree of texturing and intergrain c
nectivity, which is confirmed by the rocking curve measu
ment and the SEM micrographs~Figs. 1 and 2!. At present,
the reason for this field effect is not completely understo
-
FIG. 3. Magnetic-field dependence ofJc of YBCO films deposited in dif-







































































3635Appl. Phys. Lett., Vol. 77, No. 22, 27 November 2000 Ma et al.A possible explanation is that the mechanism operating
achieve such improvement is closely related to the chang
the nucleation and growth rate of superconducting grains
the case of the absence of magnetic field, the initial ada
clustering leads to the nuclei on the Ag substrate. At te
peratures as high as 850 °C, arriving adatoms have eno
surface mobility and longer diffusion length; therefore, tho
adatoms prefer to migrate to the sites of the nuclei wh
there is local free energy minimum, rather than act a
nucleus by themselves due to the weak bonding betw
deposit and Ag substrate and the larger lattice misma
Then, each nucleus can grow rapidly by adding the incom
adatoms to the expanding steps at the given growth temp
ture, forming a much larger grain.
On the other hand, for Y-123, the paramagnetic susc
tibility x arises from the conducting Cu–O planes and
ways exhibitsxc.xab . Thus, during the nucleation stage
the field, the critical radius of a nucleus will be smarter wh
the nuclei have theirc axes parallel to the magnetic field.15
Further, it is well known thatVc52kBT/H
2/Dx,11 whereVc
is the critical volume of a nucleus,Dx is the anisotropic
paramagnetic susceptibility, andH is the applied magnetic
field. Clearly, the nucleus volumeVc is inversely propor-
tional to H2, which means a size of nuclei decreases w
increasing magnetic field. Therefore the nucleation of YBC
grains on the Ag substrate takes place more easily comp
with that without field, and the areal density of nuclei on t
film surface should effectively increase under the influen
of a magnetic field. Subsequently, further growth of the n
clei proceeds mainly in a direction along the surface of
metal substrate, but with thec axis aligned parallel to the
field. On the other hand, the growth rate of these nu
might be reduced due to the suppression of the mobility
deposited elements by a magnetic field. As a result, a hig
interconnected film with smaller grains is produced. Hen
the improvement of crystallinity by application of magne
field, as seen in the previous paragraph, may be attrib
not only to the magnetic alignment but also the reduction
growth rate. Recently, during the larger diameter silico
crystal growth process, a reduction in the growth rate of
growing crystal under a vertical magnetic field was direc
observed by using an x-ray radiograph combined with
solid-tracer method, and as a result the quality of the
crystal was much improved.16 This confirms our assumptio
that a magnetic field would decrease the crystal-growth r
We should note thatJcs at 0 T, 77 K (;5.8
3104 A/cm2) of films deposited in high magnetic fields a
still far below those reported for biaxially aligned Y-12
films using ana-b oriented buffer layer, whereJc.10
5
A/cm2 at zero field.17,18 The main reason can be ascribed
the lack of gooda-b plane biaxial alignment, namely, ther
is a considerable amount of weak-coupled grain bounda
in the cross section of the films. Dimoset al. proposed that

































links for supercurrents.19 Therefore, more recently, man
groups have attempted to fabricate in-plane aligned YB
films on cube textured silver tapes. Based on the pres
results, it is believed that further improvement in final gra
alignment is possible upon either optimization of process
parameters or utilization of textured silver substrates.
In summary, the current experiments have demonstra
that a magnetic field can affect the microstructure of YBC
films on polycrystalline Ag substrates. Large square-sha
grains with a size of above 8mm are observed in the 0 T
films. The grain size is drastically reduced by application
a few Tesla fields, then changed to small grains with
irregular shape above 4 T. Furthermore, the crystallinity a
grain connectivity of YBCO films are splendidly improve
by the CVD process in magnetic fields. TheJc of these films
has showed extremely higher value than that of the YB
films in the absence of magnetic field.
The authors would like to acknowledge Fujikura, Lt
for the supply of silver substrates. They also thank Dr.
Nojima and Y. Hayasaka for their assistance with XRD a
SEM, respectively.
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